This work is devoted to generalize and analyze the previous results of new photonic-crystalline nanomaterials based on synthetic opals and active dielectrics. Data were characterized by X-ray diffraction and Raman spectroscopy. Active dielectrics infiltrated into the pores of the opal from the melt. The phase structure composition of the infiltrated materials into the pores of the opal matrix were analyzed. The results of x-ray diffraction and Raman spectra allowed to establish the crystal state of active dielectrics in the pores of the opal. The Raman spectra of some opal-active dielectric nanocomposites revealed new bands and changes in band intensities compared to the spectra of single crystals of active dielectrics. Further more, differences in band intensities in the spectra were measured at different spots of the sample's surface were observed. The revealed changes were attributed to the formation of new crystalline phases due to the injected dielectrics in opal pores.
Introduction and Background
Optical properties of new materials based on synthetic opals and matrix nanocomposites with active dielectrics attract researches in the field of low-dimensional physical systems. Special interest from a practical point of view are 3D-periodic structures of nanocrystals of active dielectrics, which have both nonlinear optical and photonic crystal properties, and hence new possibilities for controlling light beams. A problem of formation of bulk properties of solids with an increase in the number of structural elements was discussed earlier (Gubin & Moiseev, 1987; Gusev & Rempelʹ, 2004; Petrov, 1986) . The method of dispersion of inorganic substances in the system of cavities and channels of regular porous dielectric matrices (zeolites and opals) proposed by V. N. Bogomolov has great possibilities (Astratov et al., 1995; Bogomolov, 1978) . This method makes it possible to obtain ensembles of identical, ordered nanoclusters with a high concentration.On the other hand, opal-based nanocomposites can be considered as model for a wide class of materials with nano-sized pores of different morphologies. At the same time, it is necessary to note the paucity of available data on nanostructures in terms of substances chosen as objects of research. This is due to the limited capabilities of the technology for their production and experimental methods for studying the physical properties of matrix nanocomposites. Additional difficulties in the study of matrix nanocomposites based on synthetic opals are associated with the presence of structural defects in the initial matrix (Moiseyenko et al., 2015) . Insufficient experimental material makes it difficult to develop the physics of composites with nanostructured inorganic and organic substances. This work is aimed to analyze previous obtained results of new matrix nanocomposites based on synthetic opals and active dielectrics (Abu et al., 2013; Derhachov et al., 2018; Derhachov et al., 2019; Moiseienko et al., 2016; Moiseienko et al., 2016; in order to identify the most common structure patterns formed due to various infiltrated materials. , where θ angle of incidence of light on a system of (111) planes,
, ε eff -effective dielectric constant. The latter value is determined by the sum of the contributions of the dielectric permittivity ε i of substances in the pores of opal, depending on their volume part fi (
).
In the case of the original opal (in the pores -air filled) value ε eff was 1.6. For different samples, the values of the diameter D of the globules and the interplanar distance d were found to vary within D = 295 -306 nm, d = 241 -250 nm. The spectral position of the photon stop zone band for samples of initial opals corresponded to the interval 593 -614 nm in (111) direction. The filling of the pores of opal samples was carried out by their impregnation with a melt of a single crystal under the influence of capillary forces (Kurdyukov et al., 2011; Moiseyenko et al, 2018) . The fact of the melt entering the opal pores was recorded by the shift of the maximum of the Bragg reflection band in the long -wave region. Based on a comparison of the position of the maxima for the measured reflection spectra of nanocomposite samples and calculated λ m , values provided 100% filling the pores within the substance, the grade of filling the pores, which composed to ~ 50 % vol. was defined.
Images of the initial globules were obtained using scanning electron microscope SEM, characterisation the surface of the initial opal and infiltrated samples with active dielectrics, carried out by microanalyzer JEOL-JXA-8200.
X-ray Diffraction Pattern was measured using the (Cu K α ) radiation. Raman spectra was carried out in geometry "on reflection" using confocal Raman microscope LabRamHR800 (HORIBA Scientific, Jobin Yvon). The Raman spectra were measured at various spots of the (111) surface of the samples at room temperature after removing of melt residues from the surface by grinding.
Results and Discussion
A typical view for the surface of samples of synthetic opal after high-temperature treatment at T = 850 ° C, are shown in Figure 1 . a b Figure 1 . SEM Image of the shape of the initial globules (a) and the surface of the initial opal after high-temperature annealing at Т = 850˚С (b) Figure 1b shows the surface of opal sample after high-temperature annealing, the globules are sintered and acquire a hexagonal shape, and the pore size is reduced. Surface's Images of the opal -active dielectricsamples after melting and crystallization of the melt at different magnifications were obtained in Figure 2a -e.
Raman spectra of initial crystals of active dielectrics were studied in detail by different research groups (Bi 12 SiO 20 (Venugopalan & Ramdas, 1972) , Bi 2 TeO 5 (Domoratskii et al., 2000) , TeO 2 (Champarnaud-Mesjard et al., 2000) , NaBi(MoO 4 ) 2 (Moiseenko, Bogatirjov, Jeryemenko, & Akimov, 2000) , Pb 3 (P 0.5 V 0.5 O 4 ) 2 (Salje & Iishi, 1977) ).
X-ray diffraction pattern and Raman spectrum of the nanocomposite opal -Bi 12 SiO 20 shown in Figure 3 . A comparative analysis of the measured diffraction pattern of the nanocomposite with X-ray diffraction for Bi 4 Si 3 O 12 crystals (Derhachov et al., 2019; Liu & Kuo, 1997) , as well as Raman spectra of nanocomposite with spectra of single crystals Bi 12 SiO 20 (Venugopalan & Ramdas, 1972) and Bi 4 Si 3 O 12 (Beneventi, Bersani, Lottici, & Kovacs, 1995) , allowed to establish a dominant presence in the pores of opals, the nanocrystals of bismuth orthosilicate Bi 4 Si 3 O 12 , which is formed in the pores of the opal due to the interaction of the melt Bi 12 SiO 20 with the SiO 2 surface global.
The most intense peaks on the X-ray diffraction correspond to the crystal phase Bi 4 Si 3 O 12 (Liu & Kuo, 1997) . In the Raman spectrum of opal sample -Bi 12 SiO 20 the frequencies of the bands characteristic of crystals are indicated to Bi 4 Si 3 O 12 (Beneventi, Bersani, Lottici, & Kovacs, 1995) .
X-ray diffraction pattern and Raman spectrum of the nanocomposite opal -Bi 2 TeO 5 shown in Figure 4 . The positions of the peaks on the X-ray diffraction pattern correspond to the Bi 2 TeO 5 crystal phase (Mercurio, El Farissi, Frit, & Goursat, 1983) . Comparison the measured spectra of opal nanocomposite -Bi 2 TeO 5 with spectra of single crystals Bi 2 TeO 5 (Domoratskii et al., 2000) it revealed a number of new weak bands as shown in (Figure 4,  b) . In addition, the spectral intensity distribution in the frequency range 100-550 cm -1 was markedly different at different points on the surface of the opal-Bi 2 TeO 5 sample while in the region 600-950 cm -1 the nature of the spectral distribution persisted. (Venugopalan & Ramdas, 1972) , Bi 4 Si 3 O 12 (Beneventi et al., 1995) , polymorph α-, β-, δ-and γ-Bi 2 O 3 (Hardcastle & Wachs, 1992) and phases α-, β-, γ-and δ-TeO 2 (Champarnaud-Mesjard et al., 2000) showed that the appearance of new lines in the Raman spectrum with frequencies 437 cm -1 ,462 cm -1 and 533 cm -1 can be associated with changes in the lengths of Bi -O bonds in nanocrystals in opal pores, as well as with the formation of Bi 4 Si 3 O 12 and SiO 2 phases in opal pores due to the interaction of the melt with the surface of globules (Derhachov et al., 2019) . The most intense bands in the Raman spectra of opal -TeO 2 nanocomposite ( Figure 5 ) correspond to the phase of α-TeO 2 . At the same time new bands with frequencies are revealed 132, 225, 276, 333, 438, 619 cm -1 , which are assigned to the metastable phase γ-TeO 2 (Abu et al., 2016; Champarnaud-Mesjard et al., 2000) . Figure 5 . Raman spectra of α-TeO 2 polycrystalline powder (1) and TeO 2 crystals in pores of synthetic opal (2) (Abu et al., 2013) .The spectra are correspondent to the same quantity of tellurium dioxide in the excitation volume. (Derhachov et al., 2019) . Further more, the SiO 2 phase is additionally formed in the pores of these nanocomposites Derhachov et al., 2019) . Raman spectra opal nanocomposites -NaBi(MoO 4 ) 2 , opal -Pb 3 (P 0.5 V 0.5 O 4 ) 2 , shown in Figure The spectra indicate the frequencies of characteristic bands for crystals NaBi(MoO 4 ) 2 (Moiseenko et al., 2000) and Pb 3 (P 0.5 V 0.5 O 4 ) 2 (Hardcastle & Wachs, 1992; Salje & Iishi, 1977) . The intensities of the spectra measured at different points to the (111) surface of the sample differed. In this case, the spectra were decomposed into spectral components. Comparative analysis of frequencies of spectral components Raman spectra of opal nanocomposites -NaBi ( 
Conclusions
This paper examines the general regularity of phase formation of active dielectrics, since the bulk opals are introduced into the pores by the melt method, under the influence of capillary forces. 6. The difference in the intensity of the Raman spectra at different points of the sample surface has been established, which may be due to inhomogeneous filling of pores with melt, as well as to the effects of structural focusing of light.
